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ABSTRACT

This study analyzed the variability of equivalent black carbon (eBC) mass concentrations and their sources in
urban Europe to provide insights into the use of eBC as an advanced air quality (AQ) parameter for AQ standards.
This study compiled eBC mass concentration datasets covering the period between 2006 and 2022 from 50
measurement stations, including 23 urban background (UB), 18 traffic (TR), 7 suburban (SUB), and 2 regional
background (RB) sites. The results highlighted the need for the harmonization of eBC measurements to allow for
direct comparisons between eBC mass concentrations measured across urban Europe. The eBC mass concen-
trations exhibited a decreasing trend as follows: TR > UB > SUB > RB. Furthermore, a clear decreasing trend in
eBC concentrations was observed in the UB sites moving from Southern to Northern Europe. The eBC mass
concentrations exhibited significant spatiotemporal heterogeneity, including marked differences in eBC mass
concentration and variable contributions of pollution sources to bulk eBC between different cities. Seasonal
patterns in eBC concentrations were also evident, with higher winter concentrations observed in a large pro-
portion of cities, especially at UB and SUB sites. The contribution of eBC from fossil fuel combustion, mostly
traffic (eBCt) was higher than that of residential and commercial sources (eBCgc) in all European sites studied.
Nevertheless, eBCgc still had a substantial contribution to total eBC mass concentrations at a majority of the sites.
eBC trend analysis revealed decreasing trends for eBCy over the last decade, while eBCrc remained relatively

constant or even increased slightly in some cities.

1. Introduction

Black carbon (BC) is a primary particulate pollutant generated by
combustion processes (Bond et al., 2013); it is one of the key compo-
nents of ambient particulate matter (PM). BC emissions originate from
several anthropogenic combustion sources, such as the diesel engines of
on-road and off-road vehicles (i.e., transportation and industry), mari-
time shipping (Geels et al., 2021; Lack and Corbett, 2012; Zhang et al.,
2019a; Zhang et al., 2019b), domestic solid fuel (biomass-burning and
coal combustion), and other combustion processes (e.g., residential
heating) (Bond et al., 2013; Briggs and Long, 2016; Intergovernmental
Panel on Climate Change [IPCC], 2021).

BC terminology is diverse and there are many uncertainties associ-
ated with the definitions and methods used to measure BC (Petzold et al.,
2013; Grange et al., 2020). Several previous studies have proposed
varying definitions and recommended standard terminology for carbo-
naceous aerosols, and the nomenclature used for BC can be confusing
(Bond et al., 2013; Petzold et al., 2013). Equivalent BC (eBC) is
commonly defined as the mass concentration of BC as indirectly deter-
mined by light absorption techniques such as filter-based absorption
photometers (Petzold et al., 2013). Filter-based absorption photometers
measure the attenuation (carny) or transmission of light through a
particle-loaded filter tape and convert them to the absorption of light.
These optical instruments, such as the aethalometer (AE) and the multi-
angle absorption photometer (MAAP), have been widely used to esti-
mate eBC mass concentrations from the amount of light absorbed by the
particles collected on filter tape samples using a conversion factor
known as a mass absorption cross-section (MAC). These techniques thus
indirectly determine the eBC mass concentration based on particle light
absorption coefficient measurements at specific wavelengths. Thus, eBC
is defined operationally by the method used for its measurements
(Moosmiiller et al., 2009; Petzold et al., 2013). Consequently, the term
eBC will be used throughout this study as all eBC data were calculated
using filter-absorption photometers and their respective instrument
software.

Unlike most components of atmospheric aerosol that have a climate
cooling effect, eBC exhibits a substantial positive radiative forcing
(warming) effect due to its strong light-absorption, albeit with signifi-
cant quantitative uncertainties (Bond et al., 2013; IPCC, 2021; Ivancic
et al., 2022; Lack and Cappa, 2010). There are no generally agreed
standards on eBC measurement methods and their related uncertainties
(Petzold et al., 2013). Previous intercomparisons of aerosol absorption

photometers have shown that there is a significant variation in the light-
absorption response of aerosol particles on different instruments due to
source contributions, sample flow, and spot size (Cuesta-Mosquera et al.,
2021; Miiller et al.,, 2011). The Aerosol, Clouds and Trace Gases
Research Infrastructure (ACTRIS) (Measurement guidelines, 2022) and
Working Group WG 35 of the European Committee for Standardization
(CEN) have attempted to provide recommendations in order to harmo-
nize eBC measurements. However, the need for a broad implementation
of these recommendations is evident from the wide array of protocols
used to measure eBC across Europe.

eBC-related research in urban areas attracted a significant amount of
attention due to the potential health impacts of soot (i.e., combustion
particles made of a core of eBC and coating of organic and sulfur com-
pounds) of which eBC is a tracer (Kumar et al., 2020; Segersson et al.,
2017). The adverse impacts of eBC on public health and climate—at
both local and global scales—have been extensively documented (Briggs
and Long, 2016; World Health Organization [WHO], 2021). Neverthe-
less, available data on eBC and associated health effects have not been
sufficient to provide consistent results to set up or discard air quality
(AQ) guidelines (WHO, 2021). Furthermore, eBC itself does not neces-
sarily have a negative impact on public health; rather, it is the presence
of other species condensed onto eBC particles that may cause health
issues (WHO, 2012). Nevertheless, it has been concluded that eBC is a
better indicator of harmful particulate substances from combustion
sources (especially traffic) than the mass of undifferentiated atmo-
spheric PM. Thus, the closer monitoring of eBC may improve the
assessment of policy actions to abate air pollution from combustion
sources while also providing more consistent data for epidemiological
analysis (Geng et al., 2013; WHO, 2012, 2021).

Several studies have investigated the variability of eBC mass con-
centrations in specific urban, traffic, and regional background envi-
ronments. Some of these also focused on the source apportionment (SA)
of eBC, such as the proportion of eBC that stems from the burning of
fossil fuels in vehicular exhaust emissions (road traffic; eBCt) and solid
fuel combustion (mainly from residential and commercial wood and
coal burning; eBCgc) (Blanco-Donado et al., 2022; Grange et al., 2020;
Helin et al., 2018; Liakakou et al., 2020; Mbengue et al., 2020; Mil-
inkovic et al., 2021; Minderyteé et al., 2022; Mousavi et al., 2018, 2019,
Sandradewi et al., 2008a,b). These studies have been individually re-
ported on the climatology, characterization, and variability of eBC in
different regions (Crilley et al., 2015; Favez et al., 2009; Grange et al.,
2020; Helin et al., 2018; Jafar and Harrison, 2021; Krecl et al., 2011;
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Kutzner et al., 2018; Laborde et al., 2013; Luoma et al., 2021; Lyamani
et al.,, 2011; Mousavi et al., 2019; Pandolfi et al., 2014; Schaap and
Denier van der Gon, 2007; Singh et al., 2018; Titos et al., 2017; Van-
derstraeten et al., 2011). However, to the best of our knowledge, a large-
scale database that allows for access to eBC data across urban Europe has
not been implemented.

The Research Infrastructures Services Reinforcing Air Quality
Monitoring Capacities in EU Urban & Industrial AreaS (RI-URBANS)
project is a European H2020-Green Deal initiative that aims to provide
tools for the measurement and analysis of advanced AQ parameters (RI-
URBANS, 2020), including eBC, ultrafine particles, and oxidative po-
tential in urban environments, which will consequently allow for the
enhanced assessment of AQ policies. Thus, it is necessary to harmonize
measurement, instrumentation, and data analysis protocols to provide
comparable data from different cities across Europe.

One of the objectives of RI-URBANS is to evaluate the application of
advanced AQ metrics, such as eBC, in urban environments and other air
pollution hotspots. In line with this objective, this study aims to 1)
compile and interpret long-term ambient eBC measurements across
urban Europe; 2) analyze the current measurement corrections, con-
centration levels, and spatial and temporal variability covering a wide
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variety of climate and urban patterns; and 3) quantify the contribution
of eBCr and eBCg¢ to bulk urban eBC mass concentrations. This long-
term eBC observations provide valuable information that can be used
to evaluate its potential to improve policy assessments as an AQ stan-
dard as well as better protect human health (Irwin et al., 2015; Janssen
et al., 2011; WHO, 2012). The harmonized urban eBC data compiled in
this study will be used in epidemiological evaluations, for model vali-
dation, and for improving emission inventories in future investigations.

2. Methodology
2.1. Measurement sites

This study aimed to evaluate the long-term phenomenology of eBC
by compiling datasets on eBC mass concentrations from 50 European
monitoring sites, covering various periods between 2006 and 2022.
These 50 measurement sites include 23 urban background (UB) sites, 18
traffic (TR) sites, 7 sub-urban background (SUB) sites, and 2 regional
background (RB) sites across 29 cities in 11 European countries. These
categories were selected based on the descriptions used for the classi-
fication of AQ monitoring sites (European Environmental Agency [EEA],
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Fig. 1. The location and type of monitoring sites that have supplied eBC data to this study. UB: urban background; SUB: suburban background; TR: traffic; RB:

regional background. The colors correspond to the seven main geographic regi

ons around Europe.
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2023; UK AIR, 2023). As this study focuses on European urban envi-
ronments, a few suburban and regional background sites were selected
to ensure better spatial coverage and a greater understanding of eBC
variability. However, it should be noted that their eBC trends cannot be
considered to be representative of the variability for all European RB
sites, as previously reported by Laj et al. (2020) or Collaud Coen et al.
(2020). Fig. 1 describes the distribution of monitoring sites that are
currently providing measurements of eBC mass concentrations. The
measurement sites were grouped into seven categories based on their
geographical location (Northern, Eastern, Western, Central, South-
Eastern, South-Western, and North-Western); this categorization
scheme follows from the grouping of sites in previous European phe-
nomenology studies (Pandolfi et al., 2018; Putaud et al., 2010). The
highlighted areas in Fig. 1 are indicative of geographical classifications.

The data coverage mainly comprises UB and TR sites, located in cities
from different climate zones of Europe that are affected by different road
traffic volumes, industrial sources, power plant emissions, harbors, do-
mestic sources, etc. As shown in Fig. 1, the spatial coverage over Europe
is not homogeneous: there is a higher density of measurement sites over
central Europe and a much lower density of sites in Eastern Europe—this
is denoted by the grey area in which eBC measurements were not
available.

2.2. Instrumentation

Table S1 summarizes the instruments used to measure eBC mass
concentrations in the 50 sites. In addition to differences in instrumen-
tation, relevant distinct measurement settings have also been noted (e.
g., different sampling inlet heights). eBC mass concentrations were
primarily monitored by filter-based absorption photometers. eBC data
were obtained through the use of MAAPs (Thermo Scientific, dis-
continued) or aethalometers (mainly AE33 model; Magee Scientific).
The recommended terminology and measurement techniques for these
instruments have been comprehensively discussed in Petzold and
Schonlinner (2004), Petzold et al. (2005), and Drinovec et al. (2015).

The MAAP was developed to decrease the uncertainties in absorption
measurements (baps). It measures the transmitted, backscattered light
through the aerosol-loaded filter tape and then applies a radiative
transfer scheme to convert the measurements into particle light ab-
sorption coefficients. It determines the particle light absorption coeffi-
cient using a 670 nm operating wavelength (as specified by the
manufacturer), while its actual wavelength is 637 nm (Miiller et al.,
2011). The default MAC setting of 6.6 m? g~! and a nominal wavelength
of 670 nm are used to convert the optically measured absorption data to
eBC mass concentrations. The instrument also accounts for filter-
loading-related artifacts that can affect the calculation of the absorp-
tion coefficient (Petzold and Schonlinner, 2004). However, given the
discontinued production of the MAAP, its future availability for long-
term observations is uncertain. Furthermore, MAAP data were not
accessible from all 50 monitoring sites investigated in this study, as some
sites deployed other types of absorption photometers, as discussed in the
following section.

The AE33 dual-spot Aethalometer (Magee Scientific) measures the
attenuation of light (can) through an aerosol-loaded filter tape samples
and provides particle light absorption coefficients at seven different
wavelengths (370, 470, 520, 590, 660, 880, and 950 nm). It converts the
optical absorbance into eBC mass concentrations using a default MAC
value of 7.77 m? g~ ! at 880 nm. AE33 has been equipped with a real-
time filter loading effect compensation algorithm based on the dual-
spot measurements (Drinovec et al, 2015). Older Aethalometer
models such as the AE31 and AE22 measure light attenuation through
the filter at seven (AE31) and two (AE22; 370 and 880 nm) wavelengths
using an instrument-derived mass attenuation cross section value of
16.62 m? g~! at 880 nm. However, these models require correction for
loading effects, and algorithms for correcting this artifact have been
developed and tested by different researchers (Collaud Coen et al., 2020;
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Virkkula, 2021; Virkkula et al., 2007; Weingartner et al., 2003).

In brief, of the 50 observation sites present across Europe, the MAAP
was the most commonly used instrument for measuring eBC mass con-
centrations, used at 30 of the 50 sites. The MAAP was primarily used in
measurement sites across Western and Northern Europe (see Table S1).
Both a MAAP and an aethalometer were deployed in parallel at a few
sites (BCN, GRA, STH, MLN, and SMR). In the RI-URBANS database, data
from 23 sites were obtained using the AE33 instrument, while only a few
stations provided data from AE22 and AE31 instruments (e.g., LND,
SMR, and VLC). Table S1 also provides information about the
geographic region, site, city, country, station type, coordinates, altitude,
measurement height, data coverage, and type of data received (more
details can be found in Section 2.3).

2.3. Data treatment and pre-processing

This study required the use of station metadata, including station
information (e.g., type, altitude, height, and coordinates), the filter ab-
sorption photometer used, the measurement method, and any relevant
operational settings (e.g., filter tape, inlet, flow rate, and reference
MAQ). Although each monitoring site was active for different periods,
this study primarily focused on the period between 2017 and 2019 to
evaluate the spatial variability of eBC mass concentration to 1) ensure
that data was available from all sites and 2) to avoid the effects of the
COVID-19 lockdowns. However, only sites that provided more than nine
years of eBC observations and where at least 75% of the data was
available were considered for trend analysis; as a result, the entire
dataset can be used for subsequent epidemiological studies. It should be
noted that missing data in the datasets were not gap-filled in further
analyses. Various statistical measures were calculated for each site,
including the minimum, maximum, 25th, 75th, and 99th percentiles,
mean, median, and the number of data points per station. The overall
dataset covers the period between 2006 and 2022, with single-site
coverage ranging from a year to 14 years. Fig. S1 visualizes the distri-
bution of eBC data available in the RI-URBANS dataset, including data
coverage, data capture, and missing data from the various instruments.
The blank area represents the missing data across the entire period.
Aside from the low data coverage of some stations, the common period
used in this study for the analysis and interpretation of the results
(2017-2019), is fulfilled by majority of the sites.

The majority of the collected data were directly supplied by the data
providers as hourly averages (Table S1). There are only two cases in
which raw data with a native time resolution were provided; these data
were averaged hourly for the purposes of this study. In some cases, EBAS
Level 2 quality assured/quality checked (QA/QC) data were directly
downloaded from the EBAS database (EBAS, https://ebas-data.nilu.no/
). The data were processed following the ACTRIS recommendations for
the reporting of eBC measurements (Miiller and Fiebig, 2018a, 2018b),
ensuring the comparability of eBC measurements across the sites by
employing harmonized measurement protocols.

The procedure used to obtain particle light absorption coef-
ficients—and consequently, eBC concentrations—from the available
data is summarized in Fig. 2. The majority of the sites provided eBC
concentrations that were used as is to analyze eBC variability. In cases
where particle light absorption data were provided, the eBC concen-
trations were retrieved using default MAC values and the opportune
harmonization factors H* as described in the following. Fig. 2 also
presents the equations that were used to calculate the particle light
absorption coefficients from the wavelength-dependent eBC concentra-
tions provided by aethalometer instruments. These harmonized particle
light absorption coefficients were then used in the aethalometer model
for eBC source apportionment. As previously mentioned, AE33 in-
struments already correct online for factor loading, while data from
older aethalometers (AE31 and AE22) were corrected offline by data
providers. Specifically, the correction scheme proposed by Segura et al.
(2016) was applied to the AE31 data from VLC_UB, while the scheme
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Fig. 2. The overall scheme by which to process corrected and harmonized eBC mass concentrations and absorption coefficients (b,ps) from the attenuation coefficient
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coefficient (baps). More details are provided in section 2.3. (a) AE33 and AE31 wavelengths: 370, 470, 520, 590, 660, 880, and 950 nm; (b) AE22 wavelengths: 370
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correct AE31 data from SMR_RB and correct AE22 data from LND_UB and LND_TR; (d) MAAP: MAC = 6.6 mz/g at 670 nm; (e) AE33: MAC = 7.77 mz/g at 880 nm; (f)
AE31 and AE22: mass attenuation cross section = 16.62 m?/g at 880 nm; (g) Default multiple-scattering enhancement correction factor used by the aethalometer
software (1.39 or 1.57); (h) Harmonization factor (H*) for M8060 filter tape; (i) Harmonization factor (H*) for M8050 and M8020 filter tapes. M8050 was used for a
short time and was not characterized; thus, processing was performed with the same harmonization factor as filter tape M8020.

proposed by Virkkula et al. (2007) was applied to the AE31 and AE22
data from SMR_RB and LND_UB/LND_TR, respectively (Fig. 2).

To calculate the particle absorption coefficients from aethalometer
instruments, two parameters that depend on the type of aethalometer
and filter tape used must be considered: the default multiple-scattering
enhancement parameter (Cp) and the standardized harmonization factor
(H*) provided by ACTRIS (Miiller and Fiebig, 2018a). For AE33 in-
struments, the Cp is manually set using the instrument software and
should be changed depending on the filter tape used. Three different
filter tapes were used across the monitoring sites: the M8020 (also
known as TFE-coated fiberglass tape or T60A20), which was employed
from approximately 2011 until February 2016; the M8050, which was
used between February 2016 and October 2017; and the recently rec-
ommended M8060 filter tape, which has been in use since October 2017.
The default Cy values are 1.57 for both M8020 and M8050 and 1.39 for
the new MB8060 filter tape. However, recent studies have shown that
these default Cy values were not appropriate; thus, H* factors were
introduced to standardize the calculation of the absorption coefficients.
ACTRIS proposed an H* value of 1.76 for M8060 filter tape, while the
proposed H* value for the AE33 M8020 and M8050 filter tapes was 2.21
(Miiller and Fiebig, 2018a). Currently, guidelines from the Global At-
mosphere Watch Programme suggest the use of H* = 3.5 for AE31 and
AE22 (WMO/GAW, 2016). Thus, it is crucial to have the information
about the filter tape used as well as the default Cy to apply these cor-
rections appropriately.

It should be considered that H* can vary depending on the physical
properties of particles collected on the filter tape. For example, Yus-Diez
et al. (2021) showed that the Cy, and consequently the H*, increases
when the single scattering albedo (SSA) of collected particles is high
(>0.95). Yus-Diez et al. (2021) observed this effect, known as cross-
sensitivity to scattering, at two remote/regional background sites but
did not observe it at the urban site, where the SSA was low. Thus, the
assumption of a constant H* is reasonably correct at the urban/traffic

sites included in this work.

As previously mentioned, we have presented the eBC concentrations
as calculated according to the default MAC values provided by the
manufacturers as this is the common practice in monitoring networks
(cf. Fig. 2). However, it should be acknowledged that numerous studies
have shown that the MAC can vary between different sites as well as over
time depending on the physicochemical properties of the eBC particles
(Cho et al., 2019; Ciupek et al., 2021; Grange et al., 2020; Knox et al.,
2009; Kondo et al., 2009; Mbengue et al., 2021; Srivastava et al., 2022;
Wu et al., 2021; Yuan et al., 2021; Zanatta et al., 2016; Zhao et al.,
2021).

Thus, it should be noted that the comparability of eBC data reported
in this study is partially affected by instrument-to-instrument vari-
ability. For example, Miiller et al. (2011) reported a unit-to-unit vari-
ability of<5% for MAAP instruments while noting a variability of up to
30% for old aethalometer models, such as the AE31. This large variation
was primarily associated with sample flow, spot size, and the in-
adequacy of current correction functions. As previously mentioned,
AE31 data needs to be corrected off-line for factor loading effects, thus
contributing to the higher noise inherent in AE31 data compared to
MAAP data. For example, Asmi et al. (2021) reported a difference of
about 7% between MAAP and AE31 data with a low correlation (R? =
0.65); in contrast, the correlation between MAAP and AE33 instruments
was much higher (R2 = 0.87). Additionally, Helin et al. (2018) reported
a good correlation (R2 > 0.90) between MAAP and AE33 data, with
AE33 instruments reporting slightly higher concentrations. Recently,
Cuesta-Mosquera et al. (2021) reported on the relatively small unit-to-
unit variability of AE33-based eBC measurements, ranging between
-16% and 8% with an average deviation of around -1% for soot. In most
cases, the deviations could be explained by the type of filter material
employed by the instruments, the total particle load on the filter, and the
flow calibration. To reduce the instrument-to-instrument variability of
AE33, Cuesta-Mosquera et al. (2021) recommended the use of the most
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recent version of filter tape (M8060) while avoiding the use of older
filter tapes. Furthermore, they highlighted the importance of reporting
not only the filter tape used but also the corresponding multiple-
scattering parameter Cy set by the internal aethalometer settings. Due
to its high accuracy and low uncertainty (12%; Petzold et al., 2005), the
MAAP is considered to be the ideal reference instrument for the calcu-
lation of particle light absorption coefficients. Thus, we used eBC data
from the MAAP instruments in stations where other filter absorption
photometers were simultaneously deployed (IPR_RB, SMR_RB, BCN_UB,
and GRA_UB).

Long-term trends were studied using three different approaches. The
first approach involves the use of a Theil-Sen slope regression estimator:
arobust, reliable, and non-parametric estimator provided in the Openair
R package (Carslaw and Ropkins, 2012). This method assesses long-term
trends by calculating monthly means as derived from hourly measure-
ments. This approach not only enables the determination of statistical
significance but also facilitates the estimation of slope values for the
identified trends. As previously mentioned, only monitoring sites with a
minimum of nine years of eBC mass concentration data with at least 75%
valid measurements over that period were used in these analyses. It is
important to note that some sites experienced changes in the measure-
ment methodology over the nine-year period, most commonly due to
changes in the filter-based instruments being deployed (e.g., shifting
from MAAP to AE33 or from AE31 to AE33). Thus, the trends in ab-
sorption measurements can be influenced by the change in signals due to
different instruments in 3 out of 13 sites (e.g., ZUR_UB, BER _UB, and
SIR_SUB). Theil-Sen method was primarily used for inter-annual trend
analysis. However, it does not take the shape of trends and possible
breakpoints into account. Thus, the shape of trends and their seasonal
variations were investigated through the more widely used decompo-
sition method, a seasonal-trend decomposition time series procedure
(STL) based on the ‘Loess’ estimator (Cleveland et al., 1990). The STL
method is a powerful and versatile approach for analyzing time series
data, allowing for the extraction of trends and seasonal components
while accounting for various data characteristics and patterns. 95%
confidence intervals calculated using bootstraps are also provided for
the STL and Theil-Sen results. Another approach to investigate the
presence of potential breakpoints that split the trends into segments with
different slopes was piecewise regression using the “segmented” pack-
age (Muggeo, 2003, 2008). To estimate the slope and statistical signif-
icance of each segment between breakpoint positions, an interactive
procedure that involves approximate starting values for the breakpoints
and a bootstrap restarting methodology was implemented to enhance
the robustness of the analysis and obtain standard errors (Wood, 2001).
By using this procedure to fit a piecewise regression model, we were able
to effectively characterize and interpret the distinct trends observed in
the eBC data. This approach provided valuable insights into the changes
and shifts in eBC mass concentration, allowing for a comprehensive
analysis of the behavior of the data over different segments.

2.4. Aethalometer model and source apportionment

To evaluate the relative contributors of eBCt and eBCgc at the RI-
URBANS sites, an aethalometer model was employed; this uses the
multi-wavelength absorption data obtained from the AE33 following a
procedure initially developed by Sandradewi et al. (2008a). Briefly, the
model uses a bilinear method to estimate both eBC sub-fractions. This
model has been widely applied and used by numerous investigators,
discriminating between mostly traffic (notably including diesel, gasoline
and natural gas combustion) and residential and commercial (biomass
or coal combustion) eBC components (Becerril-Valle et al., 2017; Favez
et al., 2010; Grange et al., 2020; Harrison et al., 2013; Helin et al., 2018;
Tobler et al., 2021; Virkkula, 2021). The AE model was applied using 23
AE33 datasets taken from the RI-URBANS database. The source appor-
tionment analysis used time series data between 2017 and 2019. The
aethalometer model uses pre-defined source-specific absorption

Environment International 178 (2023) 108081

Angstrom exponents (AAEs) as recommended by Sandradewi et al.
(2008a) and Zotter et al. (2017).

The AAE is an optical parameter that describes the spectral depen-
dence of light absorption by aerosols. It has been intensively employed
for eBC source apportionment and aerosol characterization (e.g., BC,
Brown Carbon “BrC”, and dust) (Garg et al., 2016; Li et al., 2016; Liu
etal.,, 2018; Wang et al., 2021; Zhang et al., 2019a; Zhang et al., 2019b).
An AAE of around 1 indicates that the absorption is dominated by BC; a
progressive increase in AAE is associated with an increasing contribu-
tion from non-BC absorbing components such as BrC or mineral dust
(Zhang et al., 2020a, 2020b). The application of the aethalometer model
requires a priori knowledge of the AAE of the main sources of BC. Values
of around 1 and 2 for the two wavelengths of 470 and 950 nm are
commonly used for traffic and residential, commercial sources (e.g.,
biomass burning and coal combustion), respectively (Sandradewi et al.,
2008a). More recent estimates based on '#C analysis have suggested
values of 0.90 and 1.68 (Zotter et al., 2017). However, both AAE values
may vary significantly depending on the type of fuels being burnt,
burning conditions, and the microphysical properties of the BC particles
(the size of the BC particle and internal mixing with non-absorbing or
less absorbing material): a single value cannot be representative of the
whole measurement period considered (Helin et al., 2021; Li et al.,
2016; Liu et al.,, 2018). For this reason, the aethalometer source
apportionment model is associated with uncertainties related to fixed
specific AAEs of traffic-related and residential and commercial emission
sources [AAEr and AAEgRc] (Harrison et al., 2013; Helin et al., 2021;
Zotter et al., 2017).

Thus, the selection of robust AAE values is a critical component of the
aethalometer model and has been validated in previous studies using 1*C
observations as well as other auxiliary measurements such as Elemental
Carbon, Organic Carbon (EC/OC) (Sandradewi et al., 2008a; San-
dradewi et al., 2008b; Zotter et al., 2017). This study follows the con-
ventional approach of using fixed AAE values for the source
apportionment of AE33 observations due to the lack of ancillary mea-
surements (such as 14 measurement data) that could be used to
determine site-dependent AAEs. Thus, AAE values of 1 and 0.90 were
used for eBCr, while AAE values of 2 and 1.68 were used for eBCgc for
the wavelengths of 470 nm and 950 nm, respectively. The results ob-
tained were compared to evaluate the variations across different regions
due to the limitation of constant AAE values.

3. Results and discussion
3.1. Overview of eBC observations and average eBC mass concentrations

This section reports the measurement data collected using different
filter-based techniques at 50 European sites. Table S2 presents the sta-
tistical analysis of the eBC mass concentration at each site using hourly
averaged data recorded between 2017 and 2019. Specifically, the mean,
maximum, minimum, and standard deviation were calculated for each
site. Data coverage information and mean concentration values for
spring (MAM), summer (JJA), autumn (SON), and winter (DJF) are also
presented in Table S2.

The box-and-whisker plots in Fig. 3 describe the variability of eBC
mass concentrations in different regional sectors based on hourly aver-
aged data from the relevant stations during the study period
(2017-2019). Overall, the changes in concentrations reflect an
increasing trend from north to south, with values ranging from 0.71 pg
m~3 (North) to 1.70 ug m~2 (South). The relative contribution of
different sources to these concentrations is discussed in Section 3.2. The
results revealed that eBC mass concentrations decreased in different
sampling locations as follows: TR > UB > SUB > RB. Notably, IPR_RB
deviated from the observed trend, exhibiting high eBC concentrations
(1.4 + 1.5 p gm™3), due to its location within the Po Valley PM hotspot
(Gilardoni et al., 2020; Masiol et al., 2020; Mousavi et al., 2019; San-
drini et al., 2014). The high concentrations at IPR_RB emphasize the
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Fig. 3. The variability of hourly averaged eBC mass concentrations at 50 sites between 2017 and 2019 categorized by the type of site and region. In the box and
whisker plots, each box represents the range between the first and third quartile with the median value for each season represented by the inner line. The whiskers
extend to the minimum and maximum values as determined by the 10th and 90th percentiles.

significant influence of meteorological conditions on eBC mass con-
centrations, as these readings are considerably higher than those at
other UB or TR sites in Central Europe.

Furthermore, a decreasing trend in mass concentrations in the UB
sites was observed moving from the Western and South-Western regions
to Central and Northern Europe with the highest eBC mass concentra-
tions reported for MLN_UB (2.5 + 2.5 ug m~2) and GRA_UB (1.9 + 2.0
pg m~3). At TR sites, lower concentrations are observed in the Northern
regions compared to Central Europe. The results showed that there were
significant disparities in eBC concentrations between the sites, with the
highest eBC mass concentrations reported for MLN_TR2 (3.4 + 2.3 pg
m~%) and LND_TR (2.9 + 2.2 yg m~3).

The absence of eBC measurements from Eastern Europe and the lack
of measurements from TR sites in Southern Europe are clearly shown in
Fig. 3. These limitations may affect the comprehensive assessment of
spatiotemporal variability of eBC mass concentrations across Europe.
Our primary focus in this study is to identify similarities and differences
between the different European sites, rather than one-site peculiarities,
which will be examined and discussed in detail in this section. As
documented in prior studies on European aerosol phenomenology,
meteorology, and regional geography can lead to significant differences
in concentrations of pollutants such as eBC (Cavalli et al., 2016; Putaud
et al., 2004; Van Dingenen et al., 2004). The greatest site-by-site vari-
ability in eBC mass concentrations for both the UB and TR sites was
observed in Central Europe. The mean eBC concentrations at the TR sites
(1.6 + 1.2 pg m~3) between 2017 and 2019 were higher than those
measured at UB sites (1.3 + 1.4 ug m ). The lowest mean concentration
observed among the TR sites was 0.67 + 0.68 yg m™° in HEL_TR6, while
the highest was 3.4 + 2.3 pg m° in MLN_TR2. The eBC mass

concentration in MLN_TR2 and LND_TR were relatively similar, while
MLN_UB exhibited elevated eBC levels. In contrast, the eBC mass con-
centration at LND_UB was significantly lower. The LND_TR monitoring
station is located on the kerbside of a street canyon (Marylebone Road),
which is an area of the city that experiences heavy traffic (Rivas et al.,
2020). Thus, local traffic was the main source of air pollution on this site
(Ciupek et al., 2021). Similarly, because of its specific geographic
location within the Po Valley (with extremely low winds and frequent
atmospheric stagnation episodes), Milan is recognized as a regional
pollution hotspot in Europe (Mousavi et al., 2019; Sandrini et al., 2014).
Consequently, it has been characterized as a high-density polluted urban
area dominated by traffic and biomass-burning sources that have been
previously associated with elevated eBC mass concentrations (Invernizzi
et al., 2011; Mousavi et al., 2019). In PAR_TR (located in Paris, the
second largest city in Europe), the mass concentration of eBC (2.5 + 1.7
ug m %) is significantly impacted by primary emission sources, partic-
ularly traffic (Crippa et al., 2013; Favez et al., 2009). Conversely, the
contribution of biomass-burning to eBC is relatively low at this station
(Laborde et al., 2013).

In general, the recorded variations at UB sites ranged from a low of
0.3 + 2.9 uyg m~> at STH_UB to a high of 2.5 + 2.5 yg m~> at MLN_UB.
GRA_UB also exhibited high eBC mass concentrations (1.9 + 2.0 pg
m~), likely due to its location in a narrow valley, as well as the open
burning of wood and strong and frequent thermal inversion during the
cold months (Titos et al., 2017). Among the SUB sites, the highest eBC
mass concentrations were observed at BUC_SUB (2.1 + 3.0 pg m*3),
primarily due to the influence of noticeable biomass-burning during
summer (Chen et al., 2022). The lowest eBC mass concentration among
all sites was reported at SMR_RB (0.2 + 0.20 pg m~2) and STH_UB (0.3
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+ 0.3 ug m~>). STH_UB is affected by wood smoke emissions during
wintertime (Krecl et al., 2011), while SMR_RB—a rural station—typi-
cally experiences one of the lowest eBC loads in Europe (Hyvarinen
et al., 2011; Yttri et al., 2011). The ranges of eBC mass concentrations
described above also reflect the diverse environmental conditions across
Europe, including variations in meteorology and urban and regional
emissions patterns (Bressi et al., 2021).

In the context of eBC mass concentrations within specific regions, a
relatively low degree of site-by-site variability was observed at TR sites
in the Northern countries. Comparatively, the regions of Western
(Netherlands) and Northern (Finland) Europe exhibited noticeably
lower eBC mass concentrations compared to other urban areas across
Europe. Finland’s geographical isolation from the more densely popu-
lated regions of Europe due to their separation by the Baltic Sea results
in the reduced influence of long-range pollution originating from the
more polluted areas (Luoma et al., 2021). In Northern Europe, biomass-
burning emissions have been identified as a significant source of air
pollutants (Helin et al., 2018; Hienola et al., 2013; Hyvarinen et al.,
2011; Luoma et al., 2021). Our results showed that the higher eBC
concentrations observed at the Northern SUB sites are consistent with
previous studies that have highlighted increased eBC contributions from
residential wood and other biomass combustion during the cold seasons
in the SUB area (Helin et al., 2018; Luoma et al., 2021). In general, low
site-by-site variability was observed in both SUB and RB sites in
Northern countries. Northern countries can thus be characterized by
their low eBC concentrations and site-by-site variability.

The variability of eBC concentrations at Western European TR sites
was found to be higher than at UB sites. Schaap and Denier van der Gon
(2007) previously demonstrated that TR stations in the Netherlands
exhibited greater variability in eBC concentrations compared to UB and
RB sites. For instance, the relatively high eBC mass concentrations in
Rotterdam (NLD_TR3; 1.7 + 1.2 pg m~°>) were mainly attributed to high
road traffic emissions (Keuken et al., 2009).

Data was only available at three stations in South-Eastern and
Eastern European countries, limiting the efficacy of site-by-site vari-
ability analyses in these particular regions. However, these stations can
still be compared to other EU regions. Notably, BUC_SUB (2.1 + 3.0 pg
m~3) reported significantly higher eBC mass concentrations compared
to similar sites in other regions. ATH_SUB is affected by both traffic and
residential and commercial combustion sources (Diapouli et al., 2017).
However, the eBC concentrations at ATH_UB (1.7 + 2.2 g m’s) were
comparable to other UB sites in Southern Europe and exhibit values that
are nearly double than those observed at ATH_SUB (0.80 + 0.5 g m’3),
suggesting that there is significant spatial variability in ambient eBC and
its emission sources in Athens (Grivas et al., 2019; Kaskaoutis et al.,
2021).

In South-Western Europe, GRA_UB exhibited higher eBC mass con-
centrations compared to other sites, potentially influenced by meteo-
rological patterns, orographic factors, and high biomass-burning
emissions (Titos et al., 2017; Van Drooge et al., 2022). The eBC mass
concentrations at VLC_UB, BCN_UB, and MAR_UB were similar, while
the lowest eBC mass concentration was recorded at MAD_UB due to the
least influence from traffic in this site. However, studying the variability
of long-term measurements of eBC mass concentrations at the European
scale is challenging since the characterization of eBC mass concentration
by station is restricted due to significant regional variability.

It should be noted that intense desert dust episodes (DDE) can also
contribute to the measured absorption and can thus affect the calculated
eBC concentrations. The contribution of this dust to absorption mea-
surements has been most commonly observed at remote sites where eBC
concentrations are usually low (e.g., Ripoll et al., 2015). However, at
urban sites where eBC is expected to dominate absorption, the impact of
DDE on eBC concentrations is relatively insignificant, as can be seen by
the relationship between eBC and NO concentrations at BCN_UB over
three years of data (see Fig. S2). It should also be noted that DDE events
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are sporadic, thus further reducing the influence of DDE on urban sites
over long timescales such as those used in this study.

3.2. Source apportionment analysis of eBC

The aethalometer model was applied to 23 AE33 datasets at seven
wavelengths; the results of this analysis are presented here. This model
was used to determine the relative contribution of eBCrc and eBCrt to
bulk eBC based on the particle light absorption coefficients calculated
over the entire study period (2017-2019). The mean concentrations of
eBCr and eBCgc, as well as their corresponding standard deviations,
were determined using hourly averaged data at different sites during the
study period and are reported in Table S3 (using AAET = 1 and AAEgc =
2) and Table S4 (using AAET = 0.90 and AAEgR¢ = 1.68). Fig. 4 shows the
results of the aethalometer source apportionment model in Europe for
AAEr = 1 and AAERc = 2 (Sandradewi et al., 2008a). It shows the
regional variations in the relative contributions of eBCt and eBCg¢ with
an increasing trend in the relative contribution of eBCt from Northern to
Central, Western, and South-Western Europe. The outcomes of the
source apportionment analysis are summarized in Fig. 5, which provides
a comparison of the relative contributions of eBCy and eBCg¢ between
the TR and the UB/SUB sites using stacked histograms; the error bars
indicate the respective variances of the two sources. These comparisons
are presented using pie charts in Fig. 4. It shows that eBCt had consis-
tently higher relative contributions compared to eBCgrc. The highest
relative contribution of eBCt was obtained in PAR_TR (88%), STH-TR
(87%), and MLN_TR (82%) sites. However, there were some regions
and sites at which eBCgc contributions were also relatively high.

Previous research has shown that eBC mass concentrations are pre-
dominantly influenced by residential and commercial combustion
sources—particularly wood burning—during heating seasons (Crilley
etal., 2015; Herich et al., 2011; Zhang et al., 2020a, 2020b, 2020c). The
greatest relative eBCgc contribution was observed at BUC_SUB (39%),
the HEL_SUB sites (30-34%), GRA_UB (30%), BER_UB (27%), and
MLN_UB (26%). The lowest eBCt contributions were observed in Eastern
Europe, while the highest contributions were recorded in Central and
Western Europe (88%, 82%, and 74% at PAR_TR, MLN_TR2, and
MLN_UB, respectively). It is worth noting that the relative contribution
of eBCr in the Northern TR sites was much lower compared to TR sites in
Western Europe, such as PAR_TR, with the exception of the UB and TR
sites of MLN in Central Europe. In contrast, in South-Eastern Europe,
both ATH_UB and ATH_SUB exhibited higher relative contributions of
eBCr despite being recognized as hot spots for residential wood burning,
especially during winter (Kaskaoutis et al., 2021; Liakakou et al., 2020).
There was a clear decreasing trend in eBCg¢ contributions from North-
ern to Central and Southern Europe. In Central, Eastern, and Northern
Europe, the relative contribution of eBCg to eBC was found to be higher
compared to other regions (39% in BUC_SUB, 30-34% in HEL_SUB sites,
and 26% in MLN_UB). This pattern may be due to the increased emis-
sions of solid fuel from residential areas during the cold season in these
particular regions.

The higher relative eBCrc contributions in South-Eastern Europe
(ATH sites) during winter are likely attributed to the burning of wood for
heating purposes (ATH_UB 31%, ATH_SUB 24%). Consequently, the
ratio of biomass to fossil-fuel combustion emissions in this region was
higher in winter, particularly on weekends (Kaskaoutis et al., 2021;
Merabet et al., 2019). The SMR_RB station is mainly affected by
regionally sourced and long-range transported pollutants in Northern
Europe (Hyvarinen et al., 2011). In addition, the SMR_RB station may be
affected by the surrounding station buildings as well as the city of
Tampere itself (Yttri et al., 2011). In the Helsinki region, stations
HEL_SUB1 to HEL_SUBS3 are located in detached housing areas that are
affected by the utilization of fireplaces for wood burning in winter (32%
relative contribution to eBCgc) in addition to road traffic emissions
(Helin et al., 2018; Fung et al., 2022). STH_TR, located in the city center,
is heavily influenced by traffic emissions (75% eBCr) (Krecl et al., 2011;
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Fig. 4. The results of the source apportionment analysis of eBC mass concentrations for 23 European sites used over the study period (2017-2019). The aethalometer

model was applied using (AAEr =
geographic locations of the sites that supplied AE33 eBC data.

2017).

Of the South-Western UB sites, high contributions of eBCt and eBCg¢
were observed in BCN_UB (84%) and GRA_UB (30%), respectively.
Similarly, MAD_UB (83%) and MAR_UB (80%) also exhibited high
relative contributions of eBCr, consistent with findings reported by
Baldasano (2020). MAR_UB is located in the most important Mediter-
ranean seaport and is consequently influenced by a substantial amount
of industrial urban emissions (Chazeau et al., 2022; El Haddad et al.,
2013; Salameh et al., 2018). In Western sites, high eBCr and eBCg¢
contributions were observed in sites that are influenced by heavy traffic
and biomass burning, such as PAR_TR (88%) and LIL_ SUB (31%),
respectively. In particular, LIL_SUB is highly influenced by biomass-
burning emissions during spring, autumn, and winter as previously re-
ported by Cordell et al. (2016). A recent study conducted at the LIL_SUB
site revealed that, during the winter season, a significant portion of the
organic aerosols consisted of less oxidized fractions (LO-OOA), and has
been identified as originating from aged biomass burning. The study
suggests that approximately half of the organic aerosols generated
during winter can be attributed to wood combustion (Chebaicheb et al.,

1) for traffic emission sources and (AAErc = 2) for residential and commercial emission sources. The colors highlight the

2023). In North-Western Europe, BIR_UB exhibited a dominant contri-
bution of eBCr (74%) due to its higher traffic emissions compared to
domestic heating; this was consistent with a previous study on the
variations and level of the eBCr contribution at BIR_UB by Singh et al.
(2018). In general, the relative contribution of eBCr and eBCgc is
influenced by the geographical location and the prevailing type of
combustion source at each station.

Moreover, we performed a comparison of the relative contributions
of eBCg¢ and eBCr using two sets of AAE values: 1 and 2, and the AAE
values proposed by Zotter et al. (2017), as shown in Table S4. In general,
the relative contribution of residential and commercial sources to eBC
increased by 25-45% when using the Zotter values (see Fig. S3). It
should be noted that the AAE values proposed by Zotter et al. (2017),
were determined at Swiss sites that were strongly influenced by biomass-
burning emissions. However, based on the available data, we cannot
definitively conclude which AAE pair (1, 2 vs. 0.90, 1.68) was more
appropriate for the sites considered in our study. It is reasonable to apply
the Zotter AAE values at sites with similar characteristics to those used
in Zotter et al. (2017). However, there are some concerns regarding the
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variance associated with the two sources based on geographic regions.

extensive use of Zotter values. For instance, in Barcelona, the Zotter
values result in an excessively high contribution of eBCg¢ to eBC (41% in
winter), which contradicts recent studies demonstrating the very low
contribution of biomass-burning to OA in this city (4-6% in winter; Via
et al. 2021).

It thus cannot be assumed that the AAE values remain constant
across all sites. To minimize these uncertainties, the use of site-specific
AAE values is recommended; alternatively, a range of robust and
consistent AAE values that accounts for the variability observed in the
specific study area should be used. There are studies that have recom-
mended the use of AAE frequency distributions as an alternative method
to estimate site-specific AAE values (Tobler et al., 2021). Alternatively,
the incorporation of time-dependent AAEs into the aethalometer model
can be proposed, with the aim of evaluating its performance. In the next
section, trends in eBCy and eBCrc¢ will be analyzed to determine if there
are stable patterns for eBCpc and eBCr in the data by considering
monthly-deseasonalized average values for larger data series.

3.3. Seasonal variability

3.3.1. eBC seasonal pattern

Fig. 6 shows the average monthly variation in the total eBC mass
concentrations across all sites between 2017 and 2019. In cases where
monitoring sites provided eBC observations from multiple instruments,
such as MAAP, AE31, and AE33, the analysis in this section primarily
considers the seasonal variability observed from MAAP data. The pri-
ority in the use of specific instrument data was as follows: MAAP >
AE33 > AE31 > AE22. The eBC mass concentrations were noticeably
higher during winter (DJF) at a majority of sites, which may be attrib-
uted to the seasonal variability of eBC emission sources and meteoro-
logical conditions. In general, winter periods are characterized by lower
mixing layer heights, lower wind speeds, and enhanced atmospheric
stability, which contribute to the greater accumulation of pollutants,
even in the presence of frequent precipitation (Cassee et al., 2019). In
addition, higher winter domestic heating emissions contribute to
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increased eBC (Minderyte et al., 2022). The trend of higher eBC con-
centrations during winter has been already described in numerous
studies (Becerril-Valle et al., 2017; Herich et al., 2011; Jing et al., 2019;
Lyamani et al., 2011; Merabet et al., 2019; Pandolfi et al., 2014; Titos
et al., 2017). The observed high winter eBC patterns are consistent with
similar patterns of high winter NOx and CO reported in many European
and US studies, as both of these tracers are also emitted in large quan-
tities by road traffic (Grange et al., 2021; Helin et al., 2018; Karagulian
et al., 2015; Mousavi et al., 2018).

There are some cities where this seasonal cycle is not as pronounced
or even non-existent. For instance, at BCN_UB, the effect of atmospheric
inversion is relatively weak and biomass-burning in winter only has a
minor contribution to ambient PM levels (Amato et al., 2016). PM
speciation studies conducted at BCN_UB revealed that levels of biomass-
burning organic aerosol in winter were lower there than in other Eu-
ropean sites (Via et al., 2021).

Seasonal variations in eBC mass concentration were relatively stable
in several Northern European sites, particularly at HEL_TR1, HEL TR2,
and STH_TR. These sites all are located in Nordic street canyons, where
local traffic is the dominant source of eBC throughout the year, and there
is no significant contribution from local wood combustion at these sites
(Krecl et al., 2011; Helin et al., 2018). In addition, the low mean height
of the boundary layer and low wind speeds during the early summer
morning rush hours leads to elevated eBC mass concentrations in Hel-
sinki during summer (Barreira et al., 2021). Seasonal variations at the
STH_TR site can also be affected by the abatement of traffic since traffic
exhaust has been found the most important source in city of Stockholm
(Segersson et al., 2017).

The UB and TR sites in Europe, predominantly concentrated in the
Western and Northern regions, exhibit a less pronounced seasonal
variability, particularly in the Northern countries. In contrast, both UB
and TR sites exhibited pronounced high winter patterns in Central
Europe. The spatial variability observed at the SUB and RB sites was
further influenced by their geographic locations and their local climate/
meteorology.
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Fig. 6. The averaged monthly variability of eBC mass concentrations based on the type of site and region between 2017 and 2019. In box plots, the range of the box
depicts the bounds of the 25th and 75th percentile of the data. The whiskers extend to the minimum and maximum values, determined by the 10th and 90th
percentiles. The bold horizontal inner line shows the median for each month. The shaded background colors in box plots represent geographic locations.

11



M. Savadkoohi et al.

Environment International 178 (2023) 108081

TR
DDN_TR LEJ_TR1 LEJ_TR2 MLN_TR1
: : .
S ity Dsistly Bhisiitiy | et
MLN_TR2 HEL_TRI N HEL_TR2 HEL_TR5
T‘E 754 124 204 154
S "“‘“i“ﬁ“i“i ”’“H“i“m ”““im“hﬂ
% 2 " . 'éééél o CTTRTTHTERRTS m:l lllllllllll CITARNRETTR
HEL_TR6 STH_TR LND_TR NLD_TR1
TE ]\-* ‘i ‘ flj: i‘ i b‘iﬁ i iii :
T T
. NLD_TR2 NLD_TR3 NLD_TR4 PAR_TR
’,“E Ny _:: N é 6
@, _ N o
bl it ity St
SUB
BUC_SUB HEL_SUB1 HEL_SUB2 | HEL_SUB3
s 7 1 ‘ N
S | ] “ i ‘ Ty
oo Dottt Ml b LTI N TP )
123456 8 910111 123 456789101112 78 9101112 1234 5[\460':": 9101112
ATH_SUB LIL_SUB PAR_SUB
%o i ]
YT [T
1234567891011 1 23 456789101112 1234;“(;)1;'![:)[0]11
RB
IPR_RB SMR_RB
T N e
] “‘Hi i
oL TP | “iiﬁ
1234 ‘A/l()on-/thS 9 101112 ;N;:)':thg 9 101112
EJ Central EJ Eastern Bl Nordic B North-Western EJ South-Eastern BE South-Western EJ Western

3.3.2. Seasonal trends in eBCt and eBCgc¢

Fig. 6. (continued).

The monthly variations of eBCr and eBCg are presented in Fig. 7. In
general, the results revealed that eBC source contributions exhibited
pronounced seasonality and a significant inter-annual fluctuation during

12

the study period (2017-2019). This is supported by Fig. 7, which illus-
trates the high variability of eBCrc/eBCr ratios for all studied sites,
which vary from 23 to 87% across Europe. These fluctuations may be a
function of the distance of the site to its traffic, residential, and
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Fig. 7. (continued).

commercial source emissions, the relative influence of other emission
sources, intra-annual variations in emissions from different combustion
sources, and changes in meteorological conditions (Becerril-Valle et al.,
2017; Bond et al., 2013; Helin et al., 2018; Kaskaoutis et al., 2021;
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Luoma et al., 2021; Ziota et al., 2021).

These observations are consistent with the decrease in the ratio of
eBCr/eBCr¢ emissions during winter and their corresponding increase
during summer (Hopke et al., 2022; Rigler et al., 2020; Rivas et al.,
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2021), a trend that was also observed in this study for most UB/TR sites.
Conversely, the eBCrc/eBCr emission ratio was expected to exhibit the
opposite pattern, decreasing during summer and increasing during
winter (Fig. 7). The monthly variation and the relative contribution of
eBCr and eBCpg( sources across the different sites are also presented as a
100% stacked histogram (see Fig. S4), offering insights into the spatial
distribution and dominance of specific source types. The values used for
these histograms were determined through the application of the
aethalometer source apportionment model at 23 different sites using
AAET = 1 and AAERc = 2. The y-axis of the histograms refers to the
relative contribution of each source category (as a percentage), while
the x-axis indicates their monthly variation. The stacked bars refer to the
relative contributions of eBCy and eBCgc sources for each site.

The relative eBCt contributions increased during winter as a result of
more stagnant atmospheric conditions and increased traffic emissions
during this season. At the same time, there was an increase in eBCg¢
contributions due to the emissions from domestic sources (e.g., heating).
The seasonal variations in eBCt were observed to be lower compared to
eBCrc; this discrepancy is related to the lesser degree of seasonal
dependence exhibited by urban traffic flow compared to the seasonality

Environment International 178 (2023) 108081

of solid fuel combustions, such as biomass- and coal-burning, which are
prevalent at most sites (Harrison et al., 2013; Martinsson et al., 2017).
Furthermore, it is worth noting that residential heating activities can
also contribute to local NOx and eBC, such as at the detached housing
areas around the HEL sites (Helin et al., 2018). In the context of seasonal
variations, the contribution of eBCt was at a maximum during winter
(3.5 pg m~3) at MLN_TR2, with notably elevated values also observed
during the summer (2.0 pg m™>) at the same site. In contrast, the lowest
values of eBCr (0.22 pug m’g) were measured in both summer and winter
at STH_UB. The seasonal patterns of eBCgrc were similar, with the
maximum concentrations observed at MLN_UB (1.90 pg m’3) and
MLN_TR2 (1.65 pg m~>) during the winter and the minimum concen-
trations observed at STH_UB (0.22 pg m~3). In summer, GRA_UB (0.34
Hg m~%) and ATH_UB (0.30 ng m~%) exhibited the maximum contribu-
tion of eBCg¢. Seasonal patterns of eBCt and eBCr¢ were not homoge-
nous across the studied sites, possibly due to variations in the emission
and climate patterns in the different regions and cities.
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were computed by bootstrapping.
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3.4. Trend analysis

Figs. 8 and 9 represent the estimated inter-annual trends of eBC mass
concentrations for selected sites with more than nine years of eBC ob-
servations between 2006 and 2020. The results of the Theil-Sen trend
analysis, which include the slopes and corresponding confidence in-
tervals, are presented in Fig. S6. This figure presents the standard errors

16

of the breakpoints using the “segmented” R package, as well as the
slopes and confidence intervals obtained from the Theil-Sen trend
analysis. Annual deseasonalized STL trends and MK-TS, Theil-Sen slopes
as well as the results of the piecewise linear regression computed
throughout the year (annual) can be found in Table S5 and S6. Table S5
provides the corresponding p-values, slopes, and confidence intervals
(CI). Table S6 provides details on the number of breakpoints, the dates of
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identified breakpoints, standard errors, adjusted R? values (model ac-
curacy), root mean squared errors (RMSEs), and mean absolute errors
(MAESs) expressed in pg m™—>.

A consistent, statistically significant decreasing trend was detected at
all sites during the observation period. This decreasing eBC trend is
consistent with several European and American studies that have been
conducted in recent years (Ahmed et al., 2014; Collaud Coen et al.,
2020; Jafar and Harrison, 2021; Kutzner et al., 2018; Luoma et al., 2021;
Masiol et al., 2018; Mousavi et al., 2018; Olstrup et al., 2018; Sun et al.,
2021; Veld et al., 2021; Wang et al., 2014). These results are in contrast
to previous studies conducted between 1960 and 2007, which reported
an increase in eBC, especially in developing countries (Wang et al.,
2014). In this study, the observed decreasing trends were associated
with the European- and local-scale measures to improve AQ in urban
areas. The observed trends in eBC mass concentrations can be influenced
by different factors specific to each site over time, the details of which
are beyond the scope of this paper. However, it is important to note that
the enforcement of diesel filter traps since the EURO5 vehicle emission
standards were enacted and the economic crisis in 2008 may have had a
decisive contribution to these trends (Lyamani et al., 2011; Querol et al.,
2014). A summary of the results obtained by applying three methods for
the trend analyses is presented in Figs. 8 and 9.

In North-Western Europe, statistically significant decreasing trends
were identified at both LND_TR and LND_UB sites between 2009 and
2019, with annual percentage decreases of -5.8% and -8.4% yr _,
respectively. Our findings are consistent with the work published by
Ciupek et al. (2021), who also reported a decreasing trend in eBC con-
centrations for LND_TR and LND_UB sites between 2014 and 2019, with
decreases of up to -13%. These reductions have been attributed to the
decline in PM emissions from diesel vehicles over the last decade, as well
as an increase in the proportion of low-emission buses in London (Ciu-
pek et al.,, 2021). The results of piecewise linear regression analysis
confirmed that this strong drop had a detectable breakpoint in 2009 at
LND_UB. A similar breakpoint was also observed at LND_TR in 2011.
These findings are consistent with the trend analyses of eBC concen-
trations conducted in the UK between 2009 and 2016, particularly
highlighting the substantial decrease in eBC of around -8 + 3% per year
observed at LND_TR (Singh et al., 2018). It should be noticed that the
declining trend in LND_TR has been reported to be notable compared to
other sites in UK (Singh et al., 2018). The findings of Singh et al. (2018)
and Jafar and Harrison (2021) emphasize the fact that the reduced eBC
levels at both London sites were due to the decrease in vehicle exhaust
emissions and the effect of traffic emission abatement policies.

In Central Europe, the decreasing trends in eBC mass concentrations
over time were more pronounced at German TR sites compared to UB
sites. This trend is consistent with recent literature that found that trends
at TR sites show larger declines in eBC concentrations over time
compared to UB sites (Kutzner et al., 2018). Decreasing trends were
observed at LEJ_UB and LEJ_TR sites in Central Europe, with annual
percentage decreases of —3.4% yr ! and —4.1% yr~! respectively (see
Figs. 8 and 9). These results are consistent with a recent study that
demonstrated a decreasing trend in eBC over Central Europe between
2009 and 2018 (Sun et al., 2020, 2021). The introduction of low emis-
sion zones in Leipzig in 2011 has also led to substantial reductions in
eBC mass concentrations, resulting in an 18-36% decrease between
2005 and 2014 (Kutzner et al., 2018; Rasch et al., 2013). Piecewise
linear regression also revealed a strong drop with one breakpoint at
LEJ_TR2 in 2012. However, STL and piecewise regressions did not
identify any similar rapidly declining trends in eBC mass concentrations
around the UB site. In addition, a decreasing trend of —3.5% yr~—! was
observed at IPR_RB. Piecewise linear regression also revealed one
breakpoint in 2014. According to the published report in 2018, emis-
sions stemming from biomass burning for domestic heating and fossil
fuel combustion related to transport and domestic heating around
IPR RB showed an increase of eBCrc/eBCr ratio during the years
2009-2010 that could potentially be linked to the economic crisis. Then
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remained relatively stable until 2013 (with a local minimum in 2011),
and have generally exhibited a downward trend since that time (Putaud
et al., 2018).

This study also revealed a statistically significant decreasing trend in
eBC of -4.7% yr‘1 between 2010 and 2020 at BCN_UB, consistent with a
reported significant decrease (—18%) in eBC from 2014 to 2018 (Via
et al., 2021). Piecewise linear regression and STL showed best fits with
the Theil-Sen slope with one breakpoint in 2019. This suggests that the
main driver of this decrease in mass concentrations may have been the
implementation of traffic emission abatement policies (Carnerero et al.,
2021). The GRA_UB site exhibits a slightly weaker decreasing trend,
although it is still statistically significant (-2.8% yr~'; see Fig. 8). The
results of the STL and piecewise linear regression analysis are consistent
with Theil-Sen, with one significant breakpoint detected in 2009,
probably related with the economic recession experienced in 2008. This
observation may also have been strongly affected by the implementation
of EURO 4 and EURO 5 standards, which led to a reduction in emissions
of PM and CO from both road traffic (resulting in a progressive down-
ward trend) and industrial sources (resulting in sharp changes in
2007-2008) (Querol et al., 2014).

In central Europe, ZUR_UB exhibited a slightly decreasing (but not
statistically significant) trend in 2012-2022 eBC mass concentrations at
arate of —1.7% yr . This result is consistent with the results reported by
Grange et al. (2020) at the same site, exhibiting a modestly decreasing
trend in eBCr at a rate of — 0.059 pg m > yr~'. However, according to
the same study, this trend is even lower or nearly constant for eBCgc at
ZUR_UB (-0.0062 pg m > yr1). The results of the piecewise linear
regression revealed an increasing trend between 2012 and -2015, fol-
lowed by a breakpoint in 2015, and then a declining trend from this
point onward. This anomaly was also clearly observed by the STL
method and can be attributed to a change in the aethalometer from an
AE31 model to an AE33 model in April 2014 (Grange et al., 2020).

In Western and Northern Europe, similar statistically significant
decreasing trends were observed at NLD_TR3, NLD_TR4, and NLD_UB6.
These decreasing trends ranged between —4.6% yr* to -5.7% yr_* be-
tween 2010 and 2020. Piecewise linear regression analysis at the Rot-
terdam sites showed the best fit with a slight but detectable breakpoint
at NLD_TR3 in 2012. At the NLD_TR4 and NLD_UBS6 sites, the declining
trends were better estimated with one breakpoint in 2014 and 2013,
respectively. This can be attributed to the implementation of stricter
European emission standards for new road vehicles as well as a reduc-
tion in coal combustion for energy and heat production (Ruyssenaars
et al., 2021).

The SMR_RB site showed a slightly lower (but still statistically sig-
nificant) decreasing trend of —-3.9% yr ™!, consistent with the decreasing
trend in eBC reported by Luoma et al. (2021) for the same site. This
decreasing trend was mostly driven by a sharp decrease in eBC con-
centrations after 2010, as detected by STL and piecewise linear re-
gressions (see Fig. 9). The main reason for this change can be attributed
to a Europe-wide decrease in eBC emissions (especially traffic) since a
significant portion of eBC in SMR_RB originates from regional and long-
range transported pollutants (Luoma et al., 2021). Meteorological pa-
rameters might also have played a role, due to the impact of weather
changes on pollutant trends (i.e., unusually milder winters leading to a
reduced need to burn wood for heating and the better mixing of pol-
lutants in winter), which may be an indication of the impact of climate
change in Europe (Borge et al., 2019; Peduzzi et al., 2020; Vetter et al.,
2015).

In Western Europe, the PAR_SUB exhibits a statistically significant
decreasing trend of —5.7% yr~?, which is consistent with the reductions
in NOy, eBCr, and hydrocarbon-like organic aerosol concentrations re-
ported by Petit et al. (2021). This site is affected by road transport
emissions and residential wood burning originating from PAR. The
observed trends at the PAR_SUB site were affected by the implementa-
tion of mitigation policies as well as the decline of industrial activities in
Western Europe (Zhang et al., 2018). Piecewise linear regression also
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revealed an increasing trend with one breakpoint in 2013, which is
likely associated with the replacement of the AE31 instrument with an
AE33 model. However, all linear regression results computed after this
breakpoint revealed a decreasing trend in eBC mass concentrations at
PAR_SUB.

Despite the different periods considered, the decreasing trends in
eBC reported in this study are consistent with the trends in particle
absorption coefficients at a majority of European regional background
sites as reported by Collaud Coen et al. (2020), who reported statistically
significant decreasing trends in particles absorption ranging from
around -0.4% yr~! to ~11.8% yr ! over a ten-year period. In this study,
which focused on urban sites, the statistically significant decreasing
trends in eBC ranged from —1.6% yr—! to -8.4% yr— L.

In general, several studies have provided evidence supporting the
similarities between the decreasing trend in eBC mass concentrations as
well as those observed in NOx and NO2, which can mainly be attributed
to a local reduction in traffic emission (Casquero-Vera et al., 2019;
Olstrup et al., 2018). This pattern has been widely reported to be due to
the implementation of emission mitigation policies in Europe, which
have contributed to the decline in BC emissions (Sun et al., 2021). For
instance, Henschel et al. 2016 reported that NOy levels in European
cities exhibited decreasing trends due to legislation aimed at controlling
vehicle emissions. In addition, air pollution control plans have demon-
strated positive impacts on improving AQ (Wen et al., 2020). The trends
observed in eBC concentrations as well as the identified breakpoints in
this study are consistent with annual BC emission inventories reported in
Europe (European Monitoring and Evaluation Programme [EMEP],
2023), which considers primary pollutants from the road and off-road
traffic, as well as other stationary combustion sources, including
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residential and commercial heating in major cities in their respective
countries (see Fig. S5). Discrepancies in BC emission inventories can be
influenced by factors such as the 2008 financial crisis in Europe,
country-wide emission factors, source profiles, and activity levels that
do not necessarily reflect local conditions. Additional sources of dis-
crepancies can also be due to differences in open biomass burning
(wildfires and agricultural waste) for which carbon emissions are highly
variable (Chow et al., 2010).

In general, despite the demonstrated effect of the COVID-19 lock-
down on the concentration levels of eBC across Europe (e.g., Evangeliou
et al., 2021), the trends reported here do not show a clear impact of
COVID-19. One possible reason could be the granularity of the time
series data of the eBC trends reported in this work (the use of monthly
averages) as well as the relatively rapid recovery in eBC emissions to
rates similar to pre-lockdown conditions. However, Figs. 8 and 9 show
that the decrease in monthly averages during the 2020 lockdown was
more evident in the South of Europe (i.e. BCN_UB and GRA_UB)
compared to Central and North Europe. This is consistent with the work
on eBC emissions published by Evangeliou et al. (2021).

It is beyond the scope of this paper to explore the causes of the
observed trends of eBC mass concentration in detail. This is primarily
due to the difficulty of interpreting evolving trends over time. However,
our detected breakpoints are mostly consistent with previous studies
that have highlighted the importance of the implementation of diesel
filter traps, which began in October 2009 in the EU. The diversity of the
type, degree, and timing of local (urban) mitigation strategies in
conjunction with the progressive abatement of emissions by EURO
standards may also have shifted the breakpoints at each site.

Fig. 10 presents the long-term trends of eBCr and eBCgc
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Fig. 10. Long-term trends in eBCr and eBCrc. The trends are reported as %-reduction or %-increase per year at the 95% confidence intervals of the fit as well as the

eBCrc/eBCr ratio.
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contributions. The data in Fig. 10 was produced by a linear least squares
method due to its effectiveness in determining the optimal fit for a
specific trend. In all examples, decreasing trends in eBCt were statisti-
cally significant, while the relative contribution of eBCrc remained
fairly constant or had slightly increased, such as at GRA_UB and PAR -
SUB. Decreasing trends in traffic and industrial PM and eBC emissions in
developed countries as well as the promotion of biomass fuels for resi-
dential and commercial uses may have increased the relative contribu-
tion of solid fuels to eBC (Mousavi et al., 2018). Long-term studies on
wood-burning trends in the UK have revealed that this source has the
greatest variability in emissions, with larger eBC concentrations and PM
contributions during cold months, although considerable decreasing
trends have been observed between 2015 and 2021 (Font et al., 2022).
Nevertheless, wood burning has been associated with increased public
health risks due to increased PM levels in specific urban areas, partic-
ularly in Central European cities (Masiol et al., 2020; Tsiodra et al.,
2021). Additional studies have also demonstrated that biomass burning
has a significant impact on regional PM due to its widespread use
(Cordell et al., 2016; Helin et al., 2018; Sandradewi et al., 2008a; San-
dradewi et al., 2008b). Thus, the effects of biomass burning on AQ across
Europe are of critical concern as it contributes to enhanced PM;, and
PM, 5 mass concentrations (Cheng et al., 2022). In addition, trends in
benzo(a)pyrene (BaP) and other carcinogenic polycyclic aromatic hy-
drocarbons (PAHs) associated with biomass burning have also exhibited
similar behavior (Tsiodra et al., 2021). Similarly, long-term trends in
eBC concentrations in the Northern US have also highlighted the
importance of regional eBC sources from residential wood burning
(Ahmed et al., 2014).

The trends in absolute eBCt concentrations were most notable at the
BCN_UB (—0.14 pgm > yr1); eBCr ranged from — 0.02 to — 0.14 pg m™>
yr‘1 at BCN_UB, GRA_UB, PAR_SUB, and ZUR_UB as four case studies.
The eBCy¢ trends varied from 0.0 to 0.03 ug m™> yr ' among the
selected UB and SUB stations, showcasing a constant or slightly
increasing trend. This is likely to have been driven by an increase in
wood-burning emissions due to support from climate policies and the
2008 financial crisis (IPCC, 2019; WHO, World Health Organization,
2021). The approximately constant or increasing eBCgr¢ concentrations
observed in this study period highlight the need for additional regulative
measures to meet mandatory AQ standards, which will consequently
minimize any adverse effects on human health.

4. Conclusions

This study provides a comprehensive overview of the concentrations,
source apportionment, and spatial and temporal variability of ambient
mass concentrations of eBC in UB, TR, and SUB environments in Europe.
The datasets used in this analysis range from 2006 to 2022 and were
collected using filter absorption photometer techniques. The study
compiled and analyzed data from 50 sites, primarily located in urban
areas across Europe. ACTRIS harmonization factors were used for
different aethalometer types to standardize the calculation of the ab-
sorption coefficients. Only a low proportion of sites had co-located BC
and EC measurements; accordingly, the MAC factor used to convert the
measured absorptions into eBC mass concentrations was supplied by the
instruments and was not obtained in situ.

This harmonized dataset revealed a marked decreasing trend in eBC
mass concentrations as follows: TR > UB > SUB > RB, although there
were some exceptions, such as the high eBC values observed at the RB
site in the Po Valley (Northern Italy), a well-known hotspot in PM
pollution. The average eBC mass concentrations ranged from 3.4 pg m—>
at MLN_TR2 to 0.17 pg m > at SMR_RB based on measurements from
2017 to 2019. There was also a noticeable decreasing trend in eBC
concentrations at UB sites from southern to northern Europe. This
north-south pattern is consistent with patterns observed for other pol-
lutants, such as NO, or PM; 5 mass concentration, and is attributed to
variations in emissions and climate patterns across the studied region.
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The eBC mass concentrations observed in this study exhibited strong
seasonal variability, with the highest observed values occurring during
winter at MLN_TR2 (5.2 + 2.8 pg m’3), while the lowest values occurred
in summer at SMR_RB (0.1 £+ 0.1 pg m’3).

The contributions of eBCy and eBCgrc were estimated using an
aethalometer source apportionment model between 2017 and 2019. The
monthly-averaged contribution of eBCr and eBCg¢ revealed that the
ratio of eBCrc/eBCr emissions increased during winter. The source
apportionment analysis revealed that the sites with the highest relative
eBCr contributions were located in Western (PAR_UB) and Central
(MLN_TR2) Europe, while the lowest contributions were observed in the
Northern (HEL_SUB) and Eastern (BUC_SUB) regions. The relative
contribution of eBCg¢ was found to be higher at the BUC_SUB, ATH_UB,
and HEL SUB sites, highlighting the high relative eBC contributions
from heating. As expected, the relative contributions and absolute
concentrations of eBCrc were higher during the cold seasons due to
increased residential and commercial emissions as well as atmospheric
stagnation. This study also clearly highlights the significant decreasing
trend in eBC and eBCt between 2006 and 2022 at both TR and UB sites in
Europe, while the eBCgrc mass concentrations remained relatively con-
stant or exhibited a slightly increasing trend in some locations. The
decreasing trends in eBC mass concentration among all sites varied from
— 1.6% yr ! to — 8.4% yr. The absolute trends in eBC mass concen-
tration were most notable at the TR sites, which varied from — 0.09 ug
m > yr ! to — 0.9 pg m> yr !. At UB and RB stations, the absolute
trends ranged from — 0.02 to — 0.1 yg m S yr ! and — 0.01 to — 0.07 pg
m > yr}, respectively.

5. Recommendations and limitations

The World Health Organization has emphasized the importance of
eBC measurements and their potential implications for public health
(WHO, 2021). Furthermore, the proposed revision to the European
Union Directive on AQ highlights the necessity of eBC measurements at
both urban and regional background sites. This study has compiled eBC
mass concentration data from 50 stations in (mostly urban) Europe, but
the use of different methodological approaches for collecting eBC
measurements poses challenges for the direct comparison of the
collected data. This highlights the necessity of implementing harmo-
nized methods, such as the ACTRIS procedures, to ensure consistency
and facilitate meaningful comparisons. A major limitation of this study
was the use of different instrumentation across the sites as well as po-
tential instrument changes that may have occurred during the study
period, which could have affected the comparability of time series data
and trends. Furthermore, it is crucial to compile information on various
parameters, including the filter tape characteristics (such as multiple-
scattering parameter and leakage factor for AE instruments), inlet size-
cut and length, the loading effect compensation algorithm, and mea-
surement conditions (temperature, pressure, and humidity). It is
important to note that the absolute BC concentration can also be influ-
enced by the choice of the MAC factor. Indeed, MAC values can vary
between different sites as well as over time depending on the physico-
chemical properties of eBC particles. Furthermore, the results of the
aethalometer source apportionment model are dependent on the
selected AAE values. Thus, the use of eBC as a relevant metric for AQ
standards necessitates the use of harmonized measurement procedures
and data processing methods. Accordingly, ACTRIS and future RI-
URBANS studies should assess spatiotemporal variations in MAC to
facilitate comparisons of eBC mass concentrations across urban Europe,
determine appropriate approaches for the future reporting of eBC
measurements, and provide recommendations for the selection of site-
specific AAE values for source apportionment studies. It is important
to note that the procedure used in this paper does not imply a recom-
mendation from RI-URBANS or ACTRIS regarding the utilization of the
instrument’s default MAC values in all circumstances. For instance,
using the average ACTRIS MAC value or site-specific MAC value
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obtained through comparisons with co-located EC measurements where
feasible may be part of the final recommendations proposed by RI-
URBANS and ACTRIS for consolidated datasets.

Nevertheless, it is important to note that eBC monitoring can provide
valuable insights into the effectiveness of AQ policies and standards. The
results presented in this study demonstrate that concentrations of eBC
originating from road traffic have significantly decreased over the past
decade. However, eBC emissions from residential and commercial
combustion sources have either remained constant or, in some cases,
even increased. These trends primarily reflect the effective imple-
mentation of abatement strategies targeting traffic-related eBC emis-
sions. Nevertheless, they also emphasize the necessity of implementing
policies to mitigate other significant emissions sources, such as those
from residential and commercial sectors. Further research should focus
on evaluating the cause-effect response functions between eBC con-
centrations and health outcomes, specifically in cities where relevant
health data is accessible to RI-URBANS.
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